1. Introduction {#sec1-1}
===============

Ovarian cancer has the lowest survival rates of the gynecologic cancers because it is predominantly diagnosed in late stages due to the lack of distinctive early symptoms as well as the lack of efficacious screening and diagnostic techniques. Currently, prophylactic oophorectomy (PO) has been accepted as the standard of care for high risk women \[[@r1],[@r2]\]. PO reduces the risk of ovarian cancer by more than 50%. However, there appears to be a higher mortality for premenopausal oophorectomy and these high risk women are not candidates for hormone replacement therapy because of their increased risk of breast cancer \[[@r3]\]. It has recently been found that PO increases the mortality of women undergoing oophorectomy prior to the age of 45 \[[@r3]\] or even before the age of 55 to 60 \[[@r4]\]. As a result, there is an urgent need to develop more sensitive tools to effectively evaluate the ovary and identify early ovarian cancers from benign changes during minimally invasive surgery so that the use of PO can be minimized and the patients' quality of life can be improved.

Optical coherence tomography (OCT) is an emerging high resolution imaging technique \[[@r5]\], which measures backscattered light generated from an infrared light source directed to the tissues being examined. The morphological features of pre-neoplastic or early neoplastic changes have prompted the development of OCT for early-stage ovarian cancer detection \[[@r6]--[@r12]\]. OCT is sensitive to the changes in collagen which are typically seen as malignancy develops \[[@r10]--[@r12]\]. Polarization-sensitive OCT (PSOCT) is a functional extension of conventional OCT and offers additional physiological information by measuring the polarization properties of biological tissues \[[@r13],[@r14]\]. PSOCT provides enhanced image contrast by making use of relative phase change of two orthogonal polarization detection channels. PSOCT has been reported as an effective tool to detect and analyze fibrous tissues, including retinal nerve fiber layer \[[@r15],[@r16]\], collagen fibers in skin \[[@r17]--[@r19]\], collagen and smooth muscle cell content in atherosclerotic plaques \[[@r20],[@r21]\], and carious lesions \[[@r22],[@r23]\]. M. C. Pierce *et al.* \[[@r17]\] quantified the birefringence loss due to thermal denaturation of collagen, with mean phase retardation rate of 0.249 degree/µm measured from 26 burned skin sites, compared with that of 0.401 degree/µm from 26 normal skin sites. J. Strasswimmer *et al*. \[[@r18]\] indicated that PSOCT can distinguish normal skin from tumor, and the tumor showed very little birefringence property, with the phase retardation rate much smaller than that of normal skin. S. K. Nadkarni *et al.* \[[@r20]\] demonstrated that PSOCT was capable of measuring the birefringence in plaques and in fibrous caps of necrotic core fibroatheroma after examining 87 aortic plaques obtained from 20 human cadavers. W. Kuo *et al.* \[[@r21]\] demonstrated that PSOCT enabled differentiation of the atherosclerotic structures from normal tissue, and the quantified phase retardation results indicated that birefringence changes in fibrous and calcified plaques were more apparent than in normal vessels.

In this paper, we report, to the best of our knowledge, the first study that uses PSOCT for ovarian tissue characterization. A total of 33 *ex vivo* ovaries obtained from 18 patients were evaluated. We also measured the optical scattering properties of these ovaries from conventional OCT images and evaluated the potential of using two parameters of phase retardation and scattering property to quantitatively characterize normal and malignant ovarian tissues. In our initial study, optical scattering properties were found to be a valuable parameter in distinguishing normal from malignant ovarian tissues \[[@r12]\]. The optical scattering coefficient and phase retardation from normal and malignant ovaries were extracted from conventional OCT and phase retardation images, respectively. The correlation between collagen content, as assessed from Sirius Red staining, estimated scattering coefficient and phase retardation properties were also investigated. Results demonstrate that scattering coefficient and phase retardation obtained from PSOCT are potentially valuable parameters in differentiating normal from malignant ovaries.

2. Materials and methods {#sec1-2}
========================

2.1. PSOCT {#sec2-1}
----------

[Figure 1](#g001){ref-type="fig"} Fig. 1Time domain polarization-sensitive OCT system configuration. P: polarizer; BS: beam splitter; PBS: polarization beam splitter. depicts the time-domain PSOCT system configuration. The technical details of the system were described in our previous publication \[[@r23]\]. The key system features are briefly summarized here. The PSOCT system consists of a 40 nm bandwidth super luminescent diode source (SLED) at center wavelength of 1310 nm and a Michelson interferometer. The 2 mW output light beam from the SLED passes a vertical polarizer and is evenly separated into sample arm and reference arm by a beam splitter (BS). In the sample arm, a quarter-wave plate QWP1 with the fast axis oriented at 45 degrees with respect to the horizontal direction is used to convert the linearly polarized light into the circularly polarized light. The circularly polarized light is focused by an objective lens to illuminate the examined sample. In the reference arm, another quarter-wave plate QWP2 with the fast axis oriented at 22.5 degrees with respect to the horizontal direction is placed right after the BS. After light beam back-propagating through the QWP2, the polarization state is changed to 45 degrees with respect to the horizontal direction which provides equal reference power for both orthogonal polarization channels. The reference mirror is driven by a stepper motor back and forth to provide 3.6 mm free space scanning depth. The back-scattered sample arm beam and the back-reflected reference arm beam recombine and form interferogram at the BS. The recombined light is separated by a polarization beam splitter (PBS) into horizontal and vertical components which are independently directed toward two identical photodetectors (D1 and D2). Conventional OCT is obtained by calculating the summation of the squares of both orthogonal polarization channel signals. Phase retardation image is obtained from measuring the arctangent between vertical and horizontal components.

2.2. Optical scattering coefficient and phase retardation {#sec2-2}
---------------------------------------------------------

During imaging, similar conditions for all ovarian samples were achieved by mounting the ovary on a three-dimensional stage and adjusting tissue surface to the same depth position. The calculated numerical aperture 0.02 of the sample arm optics in our fixed focusing PSOCT system was very low, which ensured the superficial scanning depth within the focal zone. Optical scattering coefficient was estimated by fitting compounded conventional OCT signal to a single scattering model based on Beer's law \[[@r12]\]. In this study, 1 mm tissue corresponding to 74 A-lines was selected for averaging to minimize the speckle noise effect. A fitting example from a normal ovary is shown in [Fig. 2](#g002){ref-type="fig"} Fig. 2Optical scattering coefficient and average phase retardation measurement example. (a) conventional OCT image; (b) fitting curves; (c) phase retardation image; (d) result table. White dashed rectangular: selected area for fitting; scale bar: 0.5 mm. where 2(a) is a conventional OCT image and 2(b) shows the fitting curves. The white dashed rectangular in [Fig. 2(a)](#g002){ref-type="fig"} represents the selected 1mm area for fitting. The depth profile of one single A-line in the selected area is plotted as the black dashed curve and the compounded depth profile is shown as the blue solid curve in [Fig. 2(b)](#g002){ref-type="fig"}. The scattering coefficient was estimated by numerically fitting the compounded depth profile to the single scattering model shown as the red dotted curve in [Fig. 2(b)](#g002){ref-type="fig"} and the value of 2.69 mm^−1^ is shown in [Fig. 2(d)](#g002){ref-type="fig"}. The phase retardation image is shown in [Fig. 2(c)](#g002){ref-type="fig"}. The dark blue represents phase retardation value of zero degree and the dark red shows phase retardation at 90 degrees. The average phase retardation of the same area marked by the selected white dashed rectangular in [Fig. 2(c)](#g002){ref-type="fig"} was calculated and the value of 27.9 degrees is shown in [Fig. 2(d)](#g002){ref-type="fig"} as well.

To calculate the specificity and sensitivity, thresholds of estimated scattering coefficient and phase retardation were selected, respectively. The specificity and sensitivity of each method were calculated as: specificity = TN/(TN + FP) × 100%; sensitivity = TP/(TP + FN) × 100%, where TP represents the number of true-positive findings, TN represents the number of true negative findings, FP represents the number of false-positive findings, and FN represents the number of false-negative findings.

2.3. Ovary sample {#sec2-3}
-----------------

In this study, 33 ovaries obtained from 18 patients whose age ranged from 37 to 78 (mean 61) were investigated using the PSOCT system. Ovaries were extracted from patients undergoing PO at the University of Connecticut Health Center (UCHC). The patients were at risk for ovarian cancer or they had an ovarian mass suggestive of malignancy. This study was approved by the Institutional Review Boards of UCHC, and informed consent was obtained from all patients. Ovaries were kept in the 0.9% wt/vol NaCl solution and imaged within 24 hours after oophorectomy. After PSOCT imaging, the ovaries were fixed in 10% formalin solution and returned to the Pathology Department for histological processing.

2.4. Histopathology and collagen area fraction {#sec2-4}
----------------------------------------------

For histological evaluation, the ovaries were cut in 5 mm blocks parallel to the imaging plane, dehydrated with graded alcohol, embedded in paraffin and sectioned to 7 μm thickness using a paraffin microtome. Once the slides that correspond to the imaged planes were identified, they were stained using hematoxylin and eosin (H&E) for diagnosis. In addition, in order to analyze the collagen content, adjacent cross-section (7 μm apart from H&E cross-section) was sliced and Sirius Red staining protocol which specifically binds to collagen was applied to these slides. The digital image of histological ovarian surface tissue covering about 1 mm depth was acquired using a bright field microscope. The collagen content was quantitatively calculated using ImageJ software (National Institutes of Health). The collagen area fraction (CAF) was measured as "Stained collagen area/tissue area."

3. Results and discussion {#sec1-3}
=========================

[Figure 3](#g003){ref-type="fig"} Fig. 3Conventional OCT (a, c) and phase retardation images (b, d) from normal (a, b) and malignant (c, d) ovarian tissue. Scale bar: 0.5 mm. shows one comparison example between normal \[[Figs. 3(a)](#g003){ref-type="fig"}--[3(b)](#g003){ref-type="fig"}\] and malignant \[[Figs. 3(c)](#g003){ref-type="fig"}--[3(d)](#g003){ref-type="fig"}\] ovarian tissue. [Figure 3(a)](#g003){ref-type="fig"} and [3(c)](#g003){ref-type="fig"} are conventional OCT images, while [3(b)](#g003){ref-type="fig"} and [3(d)](#g003){ref-type="fig"} are phase retardation images. The mean values of estimated scattering coefficients for [Figs. 3(a)](#g003){ref-type="fig"} and [3(c)](#g003){ref-type="fig"} are 3.07 mm^−1^ and 0.85 mm^−1^, respectively. The mean values of phase retardation for [Figs. 3(b)](#g003){ref-type="fig"} and [3(d)](#g003){ref-type="fig"} are 30.0 and 12.9 degrees, respectively.

A total of 18 patients and 33 ovaries were imaged using the PSOCT system. Three patients (\#13, \#14 and \#17) each had only one ovary available for this study. Twenty six ovaries obtained from 15 patients were diagnosed as normal and 7 ovaries obtained from 4 patients were diagnosed as malignant. One patient (\#10) had her left ovary diagnosed as malignant and her right ovary diagnosed as normal. The patient category, age, mean estimated scattering coefficient, mean phase retardation and mean CAF value are summarized in [Table 1](#t001){ref-type="table"} Table 1Patient information and measurement resultsCategoryPatient  No.Age  (years)Left (L) Right (R)Estimated  scattering  coefficient (mm^−1^)Phase  retardation  (degrees)Collagen  area fraction  (%)Normal165L2.3122.236.3R2.1236.643.8273L2.3831.053.6R2.1424.645.3442L2.2522.540.7R2.2916.453.7555L2.3624.758.4R2.2618.247.7674L2.5320.654.1R2.2921.237.1758L3.0021.744.2R2.2417.746.2879L2.1516.125.1R2.2823.146.9979L2.5025.942.6R2.7522.538.01053R2.2728.556.81148L2.3416.843.9R2.3528.244.61247L2.4721.344.6R2.5224.256.41345L2.3917.842.91437L2.2332.163.41672L2.7721.360.0R2.6017.139.51748L2.2315.830.5mean ± standard deviation2.39 ± 0.2122.6 ± 5.346.0 ± 9.1Malignant377L1.7731.432.9R1.6017.918.81053L1.9025.942.81571L1.9825.732.6R1.1014.723.31876L2.1614.722.0R1.8111.926.7mean ± standard deviation1.76 ± 0.3420.3 ± 7.428.4 ± 8.3.

Depending on the size of the examined ovary, 34\~142 measurements of scattering coefficient and phase retardation were performed for each ovary. A total of 2044 scattering coefficients and phase retardation values were estimated from these 33 ovaries while 1427 from 26 normal ones and 617 from 7 malignant ones. A total of 1072 CAFs were measured from Sirius Red staining histology while 859 from the normal group and 213 from the malignant group. The histograms of estimated scattering coefficient, phase retardation and CAF for normal and malignant groups are shown in [Figs. 4(a)](#g004){ref-type="fig"} Fig. 4Histograms of estimated scattering coefficient (a), phase retardation (b) and collagen area fraction (c) for normal and malignant ovary groups.--[4(c)](#g004){ref-type="fig"}, respectively. The blue bar represents the normal group and the red bar represents the malignant group. Estimated scattering coefficient in normal and malignant ovarian tissue shows Gaussian distribution property demonstrated as the dotted and solid curves in [Fig. 4(a)](#g004){ref-type="fig"}. The normal group has higher scattering property at a wavelength of 1310 nm ranging from 0.60 to 5.27 mm^−1^ with a mean value of 2.38 mm^−1^ (±0.67), while the malignant group demonstrates lower value ranging from 0.42 to 3.86 mm^−1^ with a mean value of 1.74 mm^−1^ (±0.55). For phase retardation shown in [Fig. 4(b)](#g004){ref-type="fig"}, the normal group has higher values ranging from 8.7 to 60.6 degrees with a mean value of 22.6 degrees (±9.0 degrees) while the malignant group demonstrates lower value ranging from 9.9 to 53.8 degrees with a mean value of 19.1 degrees (±9.4 degrees). For CAF shown in [Fig. 4(c)](#g004){ref-type="fig"}, the normal group has higher collagen content ranging from 7.6% to 81.0% with a mean value of 47.8% (±15.4%) and the malignant group has lower value ranging from 4.6% to 61.7% with a mean value of 26.2% (±11.6%). CAF in normal and malignant ovarian tissue shows Gaussian distribution property as demonstrated by dotted and solid curves in [Fig. 4(c)](#g004){ref-type="fig"}.

The scatter plots in [Figs. 5(a)](#g005){ref-type="fig"} Fig. 5Scatter plots of estimated scattering coefficient (a), phase retardation (b) and CAF (c) of each ovary for normal and malignant ovary groups.--[5(c)](#g005){ref-type="fig"} show mean estimated scattering coefficient, mean phase retardation and mean CAF value of each ovary for normal and malignant groups, respectively. Using estimated scattering coefficient as a classifier and selecting the separation threshold at 2 mm^−1^, a specificity of 100% and a sensitivity of 86% are achieved. Especially for patient \#10 who had left ovary diagnosed as malignant and right ovary diagnosed as normal, her bilateral ovaries are classified into correct groups based on estimated scattering coefficient. The mean value of estimated scattering coefficient of each ovary for normal and malignant groups, along with their standard deviation, is listed in [Table 1](#t001){ref-type="table"}. The Student's t-test shows statistical significance between normal and malignant groups with a p value of 0.002. Using phase retardation as a classifier and selecting the separation threshold at 15 degrees, a specificity of 100% and a sensitivity of 43% are achieved. For the two insets pointed by the dashed circle-arrows shown in [Fig. 5(b)](#g005){ref-type="fig"}, each shows two ovaries with close values. The mean value and standard deviation of phase retardation of each ovary for normal and malignant groups are also listed in [Table 1](#t001){ref-type="table"} and are not statistically significant (p = 0.462) between normal and malignant groups. However, the phase retardation images show very different features as shown in [Figs. 3(b)](#g003){ref-type="fig"} and [3(d)](#g003){ref-type="fig"} which could help characterize ovarian tissue qualitatively. In [Fig. 3(b)](#g003){ref-type="fig"} the phase retardation of the normal ovarian tissue increases uniformly and is slightly dependent on the depth. But in [Fig. 3(d)](#g003){ref-type="fig"} the phase retardation of the malignant ovarian tissue shows more random manner with red spots scattered in the image sporadically. Although using CAF alone as a classifier it can't completely differentiate normal from malignant ovaries (specificity 92% and sensitivity 86%) as shown in [Fig. 5(c)](#g005){ref-type="fig"}, statistical significance between normal (46.0% ± 9.1%, n = 26) and malignant (28.4% ± 8.3%, n = 7) groups was found with a p value less than 0.0001.

Combining estimated scattering coefficient and phase retardation for each ovary, we should be able to differentiate normal and malignant ovaries more effectively. The scatter plot in [Fig. 6](#g006){ref-type="fig"} Fig. 6Two-parameter (estimated scattering coefficient and average phase retardation) plot. shows the two parameters for each ovary. The blue star represents normal ovary and the red circle represents malignant ovary. The centers and half axes of blue and red solid ellipses show the mean value and standard deviation of estimated scattering coefficient and phase retardation for each group. Using estimated scattering coefficient and phase retardation as the classifiers and selecting the same thresholds at 2 mm^−1^ and 15 degrees shown as the green dashed lines in [Fig. 6](#g006){ref-type="fig"}, 100% specificity and 100% sensitivity can be obtained.

Linear regression analysis in [Fig. 7(a)](#g007){ref-type="fig"} Fig. 7(a) Positive correlation demonstration between estimated scattering coefficient and collagen content; (b) Positive correlation demonstration between phase retardation and collagen content. The blue dashed lines show 95% prediction intervals. shows positive correlation between collagen content and estimated scattering coefficient with R value of 0.57 (p \< 0.0001). Phase retardation measured from ovaries is also positively correlated with collagen content with R value of 0.47 (p \< 0.01) which is shown in [Fig. 7(b)](#g007){ref-type="fig"}. The blue dashed plots show the 95% prediction intervals. The different collagen content found in normal and malignant groups in part explains the different scattering properties estimated from conventional OCT measurements and the different birefringence behaviors from phase retardation images. However, there are many other factors, including collagen thickness, collagen orientation, fibroblast and cell nuclei, etc., which may need to take into account. In addition, note that in this CAF study, there are 1072 measurements which are less than the 2044 scattering coefficient and phase retardation measurements and these CAF measurements are obtained from close sites but not as exact as OCT images because it is very difficult if not impossible to exactly match the histology slides with OCT cross-section imaging planes.

It is interesting to observe from [Fig. 5 (b)](#g005){ref-type="fig"} and [Fig. 6](#g006){ref-type="fig"} that the average phase retardation of cancer cases spreads out in a large range and a simple threshold is not adequate to separate the cancers from normal ovaries. However, a good correlation coefficient of R = 0.7 (p = 0.079) was obtained between average phase retardation and average CAF of 7 cancer cases. Because CAF from Sirius Red staining directly evaluates collagen, the positive correlation suggests the phase retardation may measure the complex collagen developmental process of ovarian cancers. Future efforts will be devoted to validating the initial results with a larger patient pool, upgrading the time domain PS-OCT system to a Fourier domain system, and developing a catheter based probe for *in vivo* inspection of ovaries during minimally invasive surgery.

4. Summary {#sec1-4}
==========

In this report, we studied 33 ovaries obtained from 18 patients using the PSOCT system. Optical scattering coefficient was quantitatively estimated by fitting conventional OCT signal to a single scattering model. A specificity of 100% and a sensitivity of 86% were achieved. Average phase retardation was calculated from PSOCT phase retardation image. A specificity of 100% and a sensitivity of 43% were achieved. Combining estimated scattering coefficient and phase retardation for each ovary, a superior specificity of 100% and a sensitivity of 100% were achieved. Collagen content as assessed by Sirius Red staining correlates strongly with estimated scattering coefficient and phase retardation. These initial results show PSOCT could be a powerful tool to characterize ovarian tissue and to detect ovarian cancers.
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